INTRODUCTION
One of the principal problems present in colliding beams storage rings is the limit on luminosity (counting rates) caused by what is commonly called the IIbeam-beam ll limit. At this limit an increase in beam strength leads to a decrease in luminosity due to excessive growth in the size of one of the beams. Also, the stored beam is eventually lost due to a shortening of the beam lifetime. It was to investigate this beam-beam limit that the computer program PEP was developed. [l] In this note results from that study are summarized. The study was carried out over a period of time and it is not possible to cover in detail all the lessons learned and results obtained. A somewhat more complete survey and references to background material can be found in [2] and some recent detailed results in [3] . In this note are discussed the basic, original model and results obtained from it (Model I), an updated model that leads to better agreement with measured data (Model II), and some more recent results based on a variant of the second model (Model III).
In conclusion, a number of remarks are made that are derived from the experience gained during the course of this study.
It should be emphasized that these calculations were meant, in so far as possible, to simulate a real storage ring. This is in contrast to other types of studies where a specific nonlinear equation is studied with the object of understanding the properties of its solution space. The strong beam was defined analytically by a charge distribution.
Initially this distribution was Gaussian in the variable x, y, z with r.m.s. beam widths a , a , a. The strong beam was assumed to be hlghly The weak beam, also assumed to be highly relativistic, was initially defined by drawing samples of test particles from a Gaussian distribution.
For the weak beam the effects of beam growth and damping in the transverse x,y plane due to quantum radiation were included. Also, the x motion was coupled into the y motion in a manner that represented the natural coupling present in the ring.
The basic ring structure between interaction regions was represented by a linear transformation. See Figure 1A . All energy loss effects, other than quantum noise pertubations, were ignored. Thus, all collisions for each tes·t parti'c1e were time independent in the sense that a test particle was ei'ther always early, on time, or late when it arrived at the interaction region. The only forces considered were the basic Lorentz force of the strong beam bunch acting on the weak beam test particle, the random noise due to quantum radiation, and a balancing damping effect.
The latter two effects were adjusted to yield the correct (experimentally measured) beam size. In order to compare the calculated results with experimentally measured results, a luminosity calculation was included.
The simulation using Model I was done by setting the model para- The model was originally developed with the goal of simulating the e+e-machine SPEAR I operating at SLAC. The details included, such as the beta function variation in the interaction region and the quantum noise, were those that were thought to be important for correctly representing the beam-beam effect in that machine. For a fuller discussion of these modeling details the reader should consult [2J.
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RESULTS I
The results presented here are a summary of some of the main conclusions that were derived from computer runs made using the CDC program PEP based on ModelL A somewhat fuller discussion can be found in [2].
The natural time unit to use for this calculation was the transverse quant~m radiation damping time which was about 66xl0 3~s ec., or 170,000 interactions. In order that the calculations could be carried out over a number of damping times, the machine parameters were scaled by a factor of ten to 15 GeV. At that energy, the damping time was only 66 p sec. or 170 interactions. This scaling was carried out in a manner that left the small amplitude tune'~hift the same for the scaled and unsealed machine. [2] There were essentially two types of results calculated; single test particle results and statistical results obtained by choosing a sample of test particles to represent the weak beam. The single particle results were similar to those obtained using a sample.
Our basic conclusions from runs using Model I can be summarized as: The results also showed that when strengths were such that beams were stable, they would exhibit stable behavior over a large number of interactions. We had single particle runs on the order of 10 6 inter-, .
actions that tended to support this.' When 'they were unstable they exhibited fast growth.
In and was one of the higher intensity runs for which SPEAR I results were available.
With the inclusion of longitudinal motion, the relevant damping time was the longftudina1 quantum radiation damping time which was about 85,000 interactions. Single test particle runs were made over this length of time using the unsca1ed machine parameter set. Exploratory runs showed that off-momentum particles oscillating on the order of 30 z axis showed signfficant amplitude growth within 85,000 interactions, that is within
Because of these preliminary results, a series of runs that covered a Sox by 100 y area in the initial value space were made. All test particles were started with zero slope. These runs were made with~p/p=O and~p/pa 30 z ' Results of these runs were saved for later analysis and plotting.
The results that are shown in Figure 4 are plots of the maximum excursion Ax that was achieved by the test particle that started initially at the values (xO,yO). The ordi:nate is the initial vertical displacement yO, the abscissa the initial horizontal displacement x O , the number amplitude Ax that the test particle would have in the ring at the time of 'the plot. All 'values have been divided by a measure of the beam width, Ox for~xO and Ax' and 0y for yO.
The plots are given for a number of inieractions N that correspond to .001,0.5, and 1.0 damping times. Those points that don't have an amplitude number had no test particle tracked for that initial value.
Due to the expense of generating these results, not all points in the Sox by Say space shown were selected for tracking. 
RESULTS III
Many single test particle runs were made using Model III. These results are described in detail in [3J. The main interest here is to note how these results relate to the original runs.
As closely as possible the original SPEAR I parameter set was used as input. Since only a strength parameter is used in WEA10, the small amplitude tunes were used as a measure of the beam strength and they weres~t so that~vx was the same as previously. Because no longitudinal beam length was included, AV y did not turn out to be the same as before.
There was in fact no way that this model would give the same tune shifts as Model II.
An initial test particle at 4o x ' 30 y was chosen since this test particle had previously exhibited large growth in amplitude within 85,000 interactions. The particle was run to 84,000 interactions and no noticeable growth in amplitude was observed. For all practical purposes the selected particle showed regular behavior with no growth.
By sampling the initial value space it was possible to find an initial value that did exhibit growth and studies were made on its behavior as~p/p was varied and also as the synchrotron oscillation frequency V s was varied. These results are also reported on in [3J.
However, the interesting res~lt obtained from Model III was that a change in the model which on the surface looked rather slight caused a completely different behavior of a particular initial valued test particle.
Thus, it would be necessary to redo-the 50 x by 50 y sample set to see if the results were qualitatively the same with -Model III. A lack of time and the ,cost of such runs prevented that from being done.
GENERAL REMARKS
The results summarized in this report were obtained trying to numerically simulate the beam-beam effect as it actually occurred in an e+e-storage ring. The first attempt, Model I, although it contained many details of the interaction process, did not produce results that correlated with experimentally measured values. It also appeared that l the inclusion of some details like quantum radiation/damping were not necessary and in fact only made understanding the results more difficult.
The inclusion of synchrotron oscillations and tune variation due to momentum errors,~10del II, gave beam growths that were 1arge at beam strengths that were close to the experimentally determined limits. However, the results were limited to a 50 x ' by 50 region evaluated at 00 One of the guide lines that should be followed is to remember that the storage rings are analogue models and results must always be checked against them or there is no way of knowing whether the numerical calculations reflect anything that relates to a real machine. 
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